The domesticated almond [Prunus dulcis (L.) Batsch] and peach [P. persica (Mill.) D. A. Webb] originate on opposite sides of Asia and were independently domesticated approximately 5000 years ago. While interfertile, they possess alternate mating systems and differ in a number of morphological and physiological traits. Here we evaluated patterns of genome-wide diversity in both almond and peach to better understand the impacts of mating system, adaptation, and domestication on the evolution of these taxa. Almond has˜7X the genetic diversity of peach, and high genome-wide FST values support their status as separate species. We estimated a divergence time of approximately 8 Mya, coinciding with an active period of uplift in the northeast Tibetan Plateau and subsequent Asian climate change. We see no evidence of bottleneck during domestication of either species, but identify a number of regions showing signatures of selection during domestication and a significant overlap in candidate regions between peach and almond. While we expected gene expression in fruit to overlap with candidate selected regions, instead we find enrichment for loci highly differentiated between the species, consistent with recent fossil evidence suggesting fruit divergence long preceded domestication. Taken together this study tells us how closely related tree species evolve and are domesticated, the impact of these events on their genomes, and the utility of genomic information for long-lived species. Further exploration of this data will contribute to the genetic knowledge of these species and provide information regarding targets of selection for breeding application and further the understanding of evolution in these species.
Introduction

Materials and Methods
Samples
We used 13 almond and 13 peach genomes for all analyses, which included both public and newly resequenced data (Tables 1, S1 ). In addition, we used one peach-almond F 1 hybrid and one peach with Nonpareil almond in its pedigree as checks for admixture analysis. For this study we resequenced nine almonds, one peach, an almond-peach F 1 hybrid, and the plum P. cerasifera as an outgroup (Tables 1, S1). Fresh leaves and dormant cuttings collected from multiple sources were either desiccated with silica or stored at 4C prior to DNA isolation. We isolated DNA following a modified CTAB method (Doyle, 1987) . Libraries for eight of the almond samples were prepared at UC Davis. We quantified the sample DNA with Quanti-iT Picogreen dsDNA assay (Invitrogen, Life Technologies) and then fragmented 1 µg with a Bioruptor (Diagenode) for 11 cycles of 30 seconds ON and 30 seconds OFF per cycle. The resulting DNA fragment ends were then repaired with NEBNext End Repair (New England BioLabs) followed by the addition of deoxyadenosine triphosphate to the 3-prime ends with Klenow Fragment (New England BioLabs). We then ligated barcoded Illumina TrueSeq adapters (Affymetrix) to the A-tailed fragments with Quick Ligase (New England BioLabs). Between each enzymatic step we washed the DNA with Sera-Mag SpeedBeads (GE Life Sciences, Pittsburgh). The resulting libraries were quantified with a Qubit (Life Technologies) and sized using a BioAnalyzer DNA 12000 chip (Agilent Technologies). Libraries were sent to UC Berkeley (Berkeley, Qb3) for quantification by qPCR, multiplexing, and sequencing for 100 bp paired-end reads in a single HiSeq 2000 (Illumina) lane. DNA from the remaining samples (Tables 1, S1) was submitted to BGI (Shenzen, China) for library preparation and sequenced using 100 bp paired-end reads at their facility in Hong Kong. Sequence data are available from SRA (http://www.ncbi.nlm.nih.gov/sra) and the associated run numbers are given in Table S1 .
Analysis
Quality Control and Mapping
All FASTQ files were trimmed of remnant adapter sequences using Scythe (github.com/vsbuffalo/ scythe) and then further trimmed for base quality with Sickle (github.com/najoshi/sickle) using default parameters for both. Trimmed reads were then aligned to the P. persica v1.0 reference (www. rosaceae.org) using BWA-MEM (Li, 2013) with a minimum seed length of 10 and internal seed length of 2.85. After filtering for a minimum mapping quality of 30 and base quality of 20, sequence depth averaged 15.8X (4.7X to 34.6X) in almond and 19.7X (11.2X to 35.4X in peach; Table S1, Figure S2 ).
Diversity and Candidate Gene Identification
We estimated inbreeding coefficients using ngsF in the ngsTools suite (Fumagalli et al., 2014) , and then calculated genotype likelihoods in ANGSD (Korneliussen et al., 2014) incorporating our inbreeding estimates. We calculated several population genetics statistics, including pairwise nucleotide diversity (θ π ; Nei and Li, 1979) , Tajima's D (D; Tajima, 1989) , Fay and Wu's H (H ; Fay and Wu, 2000) , and Zeng's E (E ; Zeng et al., 2006) using the thetaStat subprogram in ANGSD. Diversity values were estimated in overlapping 1000 bp windows with 50 bp steps, removing windows with less than 150 bp of sequence after filtering. Additionally we calculated a normalized θ π value by dividing per window θ π by mean θ π in each species. To identify candidate genes possibly selected during domestication, we filtered for genes in the lowest 5% empirical quantile of each diversity statistic. We further analyzed candidate loci for gene ontology (GO) using P. persica protein gene identifiers in the singular enrichment analysis tool and Fisher's exact test using default statistical options at the AgriGO website (http: //bioinfo.cau.edu.cn/agriGO/).
Population Comparisons
We treated peach samples and almond samples as two populations to evaluate population structure. We performed a principal component analysis (PCA) with ngsPopGen (Fumagalli et al., 2014) and used NGSadmix (Skotte et al., 2013) to perform an admixture analysis and assign proportions of almond and peach population to individuals using K = 2 through K = 6 as the number of potential subpopulations. Finally, we examined population differentiation by estimating F ST genome-wide and in sliding windows (1000 bp windows with a 50 bp step) after removing windows with < 150bp of sequence.
Estimating historical changes in N e
To model the history of these species and infer the historical changes in effective population size that may have occurred prior to or during domestication, we analyzed peach and almond samples using the Multiple Sequentially Markovian Coalescent (MSMC) method (Schiffels and Durbin, 2014) . This approach uses the observed pattern of mutations in multiple individuals to infer the time to the most recent common ancestor between pairs of sampled alleles, and provides maximum-likelihood estimation of population size as a function of time. Using the msmc software (github.com/stschiff/msmc) and msmc-tools (github.com/stschiff/msmc-tools), we applied this method to 10 individuals from our study (five peach and five almond samples; peach: PP02, PP03, PP04, PP05, PP13; almond: PD03, PD04, PD05, PD06, PD07) in two separate analyses. For each individual, we first identified SNPs for each chromosome using samtools mpileup (v. 1.3.1) with a minimum mapping and base quality cut off of 20. We filtered sites for depth ¡15 using VCFtools (v. 0.1.13), and removed indels using bcftools (v. 1.3.1). To estimate population size changes during the recent past (since domestication), we ran the full MSMC model for peach and almond separately using the combined set of five samples for each run. To estimate changes in N e over a longer time period (2 mya), we applied the PSMC' model (see Schiffels and Durbin, 2014) to each sample individually. To convert the mutation-scaled coalescent times and population sizes obtained from these analyses, we divided by a mutation rate of µ = 10 −8 mutations per nucleotide per generation, and assumed a generation time of 10 years for both peach and almond. The models and inference algorithms for PSMC' and MSMC are available from github.com/stschiff/msmc, and our code for analyzing peach and almond samples is available from https://github.com/houghjosh/peach.
Gene Expression
We downloaded ten SRA RNA-seq runs from four peach and almond tissues (Table S2 ). All runs were from either general transcriptome sequencing (Jo et al., 2015) or controls of differential expression experiments (Wang et al., 2013; Mousavi et al., 2014; Sanhueza et al., 2015) . We then converted the runs into their paired FASTQ files using ) and quantified expression for each run separately against the peach transcriptome (v. 1.0) using kallisto (Bray et al., 2016) . For each sequencing run kallisto outputs the transcripts per million (TPM), a within library proportional measurement, for each gene. Each gene was then annotated with its candidate or non-candidate status based on F ST , θ π , Tajima's D, Zeng's E, or Fay and Wu's H for both almond and peach. We also calculated the number of tissues in which each gene was expressed and the mean expression level in each tissue (across runs in which the gene was expressed).
Results and Discussion
Diversity Genome-wide nucleotide diversity (θ π ; Figures S5 and S6) in almond is nearly sevenfold higher than in peach (0.0186 and 0.0027, respectively), and these differences were more pronounced in non-genic regions of the genome (Tables 2 and S4 ). Though differences in diversity between peach and almond have been known from analyses using multiple marker systems (Mowrey et al., 1990; Byrne, 1990; Martínez-Gómez et al., 2003; Aradhya et al., 2004) , this study is the first comparison of whole genome sequences using multiple diverse individuals from both species. Previous genome scans of peach found low levels of genetic diversity compared to the closely related wild species, P. kansuensis, P. mira, and P. davidiana (Verde et al., 2013; Cao et al., 2014) . Of these, only P. davidiana is outcrossing, and Verde et al. (2013) found it had the greatest nucleotide diversity of the species they examined, approximately three-fold higher than domesticated peach. Despite its domesticated status, almond retains more genetic diversity than any of the peach species studied thus far, suggesting that mating system explains more of the differences in diversity among species than domestication. Finally, we observed considerable variation in diversity statistics among chromosomes in both species, including up to two-fold differences in nucleotide diversity in peach (Table S4) , perhaps suggesting the relatively recent effects of selection during domestication. Mean values of Tajima's D were negative for both almond and peach (Table 2 ), suggesting a genomewide excess of rare variants likely consistent with a history of population expansion. Strongly negative values of Tajima's D have recently been reported in Populus tremuloides, a species also inferred to have undergone post-glacial population expansion in the Quaternary Wang et al. (2016) . While the wild progenitors of almond and peach are not definitively known, the current range of wild almond species is much larger than that of wild peach taxa, perhaps reflecting either contrasting initial population sizes or differential expansion of ancestral progenitors during interglacial periods following the Last Glacial Maximum (20 KBP; LGM).
Historical changes in N e
To investigate the demographic factors that may have contributed to the strong allele frequency skews that we observed in both peach and almond (Table 2) , we conducted a whole-genome analysis of coalescent rates between haplotypes through time using MSMC (Schiffels and Durbin, 2014) . The results from this analysis provide the first detailed comparisons of demography in both peach and almond, and enabled us to obtain estimates of population size changes from approximately 2 million years ago up to ≈ 1000 years ago (i.e., the last 100 generations; Figure S8 ). We found no evidence for a domesticationassociated population bottleneck in either peach or almond S8A. Instead, our results suggest that almond experienced a population expansion following a bottleneck ≈ 20, 000 years ago, consistent with our observations of a strongly negative Tajima's D and perhaps due to rapid human-mediated dispersal from east Asia (Delplancke et al., 2012) . In peach, our results suggest a gradual decline in N e beginning ≈ 2 mya ( Figure S8B ), and extending to 5000 years ago, after which the effective population size remains very low. Although our results do not support a bottleneck in peach, the gradual decline in N e starting in the distant past (≈ 2 mya; Figure S8B ) is consistent with the low overall diversity we observe (Table  2) , and may reflect a shift to a higher selfing rate (Charlesworth, 2003) .
Overall, our analyses suggest that although population bottlenecks or extreme population expansions have occurred during domestication in many crop species (Meyer et al., 2012; Beissinger et al., 2016) , neither peach nor almond appear to have experienced such events. In this respect, our results mirror those from other domesticated woody perennial crop species, including grape and apple, which are also reported to lack domestication bottlenecks but maintain much of their ancestral genetic diversity (Myles et al., 2011; Gross et al., 2014) . This difference between annual and perennial domesticated crops may be due to the unique life cycle features of perennials, including a long generation time, overlapping generations, a typically outcrossing mating system, as well as a more recent period of domestication (Gaut et al., 2015) . That we also found a large reduction in N e and neutral diversity in peach despite no evidence for a population bottleneck also highlights the possibility that, within woody perennials, mating system differences may play an important role in determining the propensity of these species to domestication-associated bottlenecks.
Inbreeding
We estimated the average inbreeding coefficient (F ) for almond and peach to be 0.002 (0.000 to 0.027) and 0.197 (0.000 to 0.737), respectively (Table S3 ). Although two self-compatible almond varieties are included in this study, none of our almond samples are derived from self-fertilization, supporting the low estimated inbreeding values. Peaches in general are self-compatible (with the exception of male-sterile varieties), and three of the peach varieties sampled (PP06, PP08, and PP15) have inbreeding values consistent with self pollination in the preceding generation (F =0.74, 0.53, and 0.56, respectively). Consistent with its known history as the result of open-pollination (Hedrick et al., 1917) , the Georgia Belle peach variety sampled was estimated to have F = 0.
While the estimated inbreeding value for almond is not unexpected given that it is self-incompatible, the average for peach is lower than previously estimated selfing rates (s) of 0.5 − 0.86 (F = 0.33 − 0.75 from F = s 2−s ; Fogle and Dermen 1969; Fogle 1977; Miller et al. 1989; Akagi et al. 2016) . While the widely cited Miller et al. (1989) estimate was based on a single isozyme marker and is thus unable to separate self-fertilization with outcrossing to close relatives, the Akagi et al. (2016) estimate based on 5180 SNP markers is also high (s = 0.50 − 0.68 from F = 0.33 − 0.52). Our estimates are much closer to those from Aranzana et al. (2002) , who estimated s = 0.148 (F = 0.08) from 35 microsatellites. In addition to differences in marker systems, these discrepancies are likely due at least in part to sampling, with estimates from outcrossed pedigrees (Aranzana et al., 2002) lower than those from landraces (Akagi et al., 2016) . Broad examination of pedigree records, however, suggests our estimate of inbreeding is likely reasonable, as more than 67% of the 600 peaches in Okie (1998) were the result of outcrossing (Aranzana et al., 2002) , including several of the varieties sampled here (Hedrick et al., 1917) .
Population structure
Genome-wide, our data are consistent with previous estimates (Aradhya et al., 2004) in finding strong genetic differentiation between almond and peach (weighted F ST = 0.605, Table S4 , Figure S7 ). Like F ST , PCA also clearly distinguished almond from peach samples, primarily along PC1 (Figure 1 ). However, while PC2 and PC3 provided no further separation of peach samples they do allow further separation of almond samples (Figure 1 ).
Admixture analysis clearly assigns individuals to either almond or peach populations at K =2 (green and orange, respectively), including the correct identification of PD01 as an almond-peach F1 hybrid Increasing the number of clusters (K ), we find evidence for population substructure in both peach and almond (Figures 2,S4 ) distinguished by geographic origin or breeding status. In the admixture plot ( Figure 2 ), within both almond and peach groups, samples at the top have more eastern origins (Central Asia or China, respectively), whereas those towards the bottom have more western origins (Spain or New World, respectively). Almond samples from China, Pakistan, Iran, and Turkey (PD09, PD07, PD05, PD04 and PD03) group together at both K =4 and K =5. At K =5 a Mediterranean group of Italian and Spanish samples (PD06, PD11, PD12, and PD14) is identified, perhaps reflecting gene flow from North Africa into Spain and Italy (Delplancke et al., 2013) . At K =6 PD01 forms a unique cluster and several other almonds shift assignments, suggesting an overestimation of the number of subgroups ( Figure S4 ). Similar overall patterns of structure in peach and almond were found in previous studies Micheletti et al., 2015; Shen et al., 2015; Delplancke et al., 2013) as well, suggesting the use of local varieties as founders, limited exchange between Asian and European breeding programs, or recent utilization of diverse genetic resources is not reflected in the sampling. The foundations of most modern almond breeding programs began within the past century, due in part to the challenges of understanding self-incompatibility, whereas the self-compatible peach has had more widespread efforts directed towards its development for millenia (though western breeding increased or intensified only within the past 10 to 20 generations).
All of our analyses of differentiation provide unequivocal evidence distinguishing almonds from peaches, strongly supporting their status as distinct species. Previous molecular analyses have estimated a broad range of divergence times between these species, from 2.5 Mya (Vieira et al., 2008) to more than 47 Mya (Chin et al., 2014) . One compelling idea for the origin of peach and almond is that climatic changes after Himalayan orogeny and Tibetan Plateau uplift led to isolation of an hypothesized ancestral species resulting in allopatric divergence of peach from almond (Chin et al., 2014) . Consistent with this possibility, our estimates of F ST and nucleotide diversity give a divergence time of ≈ 8 million years under a simple model of divergence in isolation (cf Holsinger and Weir, 2009 ) and assuming a mutation rate of µ = 10 −8 per nucleotide and generation time of ≈ 10 years. This corresponds to a period of climatic change following significant geologic activity and uplift specifically in the northeastern section of the Tibetan Plateau (Fang et al., 2007; Molnar et al., 2010) .
Candidate Loci
We next scanned the genomes of both almond and peach for potential candidate genes targeted by selection during domestication. In the lowest 5% quantile of Zeng's E, we found 1334 and 1315 genes in peach and almond, respectively. Of these, peach and almond share 104, nearly double that expected by chance (permutation p-value < 0.001) and suggesting convergence in the process of domestication. In almond, candidate genes showed enrichment for gene ontology (GO) categories related to protein amino acid phosphorylation, ATP biosynthetic processes, regulation of ADP ribosylation factor (ARF) protein signal transduction, membrane and nucleus cellular components, ATP binding, ATPase and protein tyrosine kinase activities, and zinc ion binding; candidate genes in peach showed enrichment for the GO category related to cellular catabolic processes. We also identified the 1314 genes showing the greatest differentiation between species (top 5% quantile of F ST ) but while these genes were enriched for a number of GO categories (Table S5 ) no clear patterns emerged. We first investigated the S -locus in order to examine a genomic region known to differ between almond and peach both in sequence and function (Tao et al., 2007; Hanada et al., 2014) . The S -locus controls gametophytic self-incompatibility in Prunus (reviewed in Wu et al. 2013 ). The S -locus haplotype block consists of two genes, S -RNase and the S -haplotype-specific F-box (SFB ), which function in the pistil and pollen, respectively. In our data, the intergenic region 3' to both the S -RNase and SFB loci shows elevated differentiation with one extremely high peak and low nucleotide diversity in peach ( Figure 3A ), observations consistent with recent work showing peach having only five known S -haplotypes, two of which have identical SFB alleles (Tao et al., 2007; Hanada et al., 2014) .
Windows in the lowest 5% quantile of the summary statistics investigated were generally enriched for genic regions of the genome in both taxa, but the signal in peach was weak and enrichment was not consistent across all statistics evaluated (Table S6) . Nonetheless, a number of individual regions genomewide showed strong signatures of selection. We examined 50 Kb regions with contiguous windows in the bottom 5% quantile to focus our investigations of candidate genes. We focused on regions in both species for which there were overlapping regions of high F ST and low θ π or Zeng's E as these were significant for both peach and almond (permutation p-values 0 − 0.034; Table 3 ).
While many intergenic and putative regulatory regions also showed interesting patterns in diversity statistics, we examined two regions of chromosome 3 with moderate to high F ST and divergent values of Zeng's E between peach and almond, specifically low values of Zeng's E in almond ( Figures 3B, 3C ). The first of these regions ( Figure 3B Figure 3 : Select 50 Kb windows of the genome with high divergence (F ST ) and either low normalized θ π (A) or Zeng's E (B,C) of almond (green) and peach (orange). Genes annotated in the peach reference genome are represented in the F ST plot by boxes colored by their location on the plus strand (blue) or minus strand (red). In the F ST plots, the grey lines indicate the upper 5% threshold, whereas in the θ π and Zeng's E panels the grey lines indicated the lower 5% thresholds of almond (dashed) and peach (dotted). Regions of interest, as described in the text, are boxed across adjacent panels and genes labeled. A. S -locus divergence and diversity with S -locus genes, SFB (blue) and S -RNase (red), located on opposite sides of the central gap. Diversity in peach is drastically reduced immediately 3' to SFB but only somewhat reduced 3' to S -RNase as might be expected for a linked locus. B & C. Loci of interest on chromosome 3.
(position 3:14747030..14752018; Uniprot identifier M5WX95 PRUPE), which have similarity to γ-aminobutyrate (GABA) transaminases in Malus domesticus and Myosin-1 in Gossypium arboreum, respectively. GABA is involved in signaling and nuclear regulation of cell wall modification and cell death through repression and activation, respectively, while GABA transaminases degrade GABA in the mitochondria and are reported to have a role in pollen-pistil interactions. Myosins are cellular motor proteins that act in concert with actin filaments for intracellular transport and cellular structure. The second region of interest on chromosome 3 ( Figure 3C ), contains the uncharacterized gene ppa000048mg (position 3:18423078..18435264, Uniprot identifier M5XGZ7 PRUPE). This gene is in the GO category of protein N-linked glycosylation and though it has high protein BLAST similarity among many species, few were annotated. Further investigation of additional regions with limited homology to characterized genes or functional information may be warranted given the poor characterization of genes in these species.
Given the importance of fruit morphology in peach we hypothesized that selection during domestication and subsequent breeding may have targeted genes primarily expressed in fruit tissue. To test this hypothesis, we compared gene expression in four tissues (peach fruit and leaf and almond ovary and anther) to candidate gene status. Candidates were over-represented among genes expressed in all tissues, and we saw no evidence of enrichment for tissue-specific expression in any of the four tissues (χ 2 test showed significant under-enrichment in most cases; Table S7 ). Even among genes showing tissue-specific expression, we found no difference in expression between domestication candidates and non-candidates. We did, however, find that genes showing strong differentiation between almond and peach (highest 5% tail of F ST ) showed higher levels of expression in both leaves and fruit. While we have no clear a priori hypothesis predicting differences in leaf-specific expression, higher fruit-specific expression among F ST is certainly of note given the striking differences in fruit morphology between the species.
Contrary to our predictions, we find no evidence that domestication candidates are enriched for genes showing unusual patterns or levels of expression. Recent results, however, suggest that larger fruits may have much predated domestication. Seeds of a 2.6 My fossil peach P. kunmingensis were recently reported to be nearly identical to modern peaches (Su et al., 2015) , and the observed correlation between seed size and fruit size in these taxa suggest fruit size was likely larger as well. Our finding that fruit-specific genes showing the strongest differentiation between species are more highly expressed is thus at least consistent with the possibility of selection for differences in fruit morphology between peach and almond predating domestication.
Conclusions
One of the primary questions regarding domestication of perennial crops, particularly tree crops, is its genetic basis (Miller and Gross, 2011) . Here we have examined two closely related domesticated tree species with alternate mating systems in an attempt to tease apart the genomic signatures of domestication and mating system and better understand these processes in perennial species. In addition to presenting evidence consistent with mating system effects in determining overall patterns of genetic diversity, our results identify numerous genes and genomic regions showing evidence of selection, provide evidence of convergence in the domestication of almond and peach, and fruit was not preferentially targeted during domestication but likely selected much earlier during species divergence. Finally, the high-coverage sequence we provide for a number of important cultivars may be useful to breeders and geneticists in identifying the causal basis of quantitative trait loci or developing marker sets for markerassisted selection or genomic prediction.
Table S1: Detailed sample information for P. dulcis, P. persica, and related species used in analyses.
Species
Sample ID Table S3 : Inbreeding values of peach and almond samples. Figure S1: Peach and almond fruit and seed anatomy. Figure S2 : Mean mapped depth of peach and almond sequences used in this analysis filtered for mapping quality (MAPQ) scores ≥ 30 and base quality scores ≥ 20. Figure S3 : Distribution of inbreeding values for almond and peach samples studied. Figure S4 : Increasing the assumed clusters to K =6 (right) places PD01, the almond-peach F 1 hybrid collected from Kharkiv Market, Ukraine, into a unique sub-population. It also shifts the assignments of samples PD13, PD03, and PD04 to different sub-populations, when compared to their assignments in K =5 (second from right). 
